Polarized positive muons are stopped in solutions in magnetic fields transverse to their polarization. Positrons from the asymmetric decay are detected as the muons precess, allowing measurement of the magnitude and direction (phase) of the apparent initial polarization, P . res Variations of P with reagent concentration are compared with theares retical predictions. Measurement of both magnitude and phase of P allows sensitive tests of the mechanism of "fast" fJ. + depolarizares tion. Conclusive evidence is found for both epithermal 11 hot atom" reactions and chemical reactions of muonium involving formation of rapidly reacting radicals. Chemical rate constants are extracted and compared with rates for analogous reactions of atomic hydrogen.
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I. INTRODUCTION
When a positive muon stops in matter, it virtually always captures an electron to form the atom fJ. + e-, called muoniurn. In an experiment in which muons are initially polarized, the formation of muonium results in their depolarization, the extent of which depends upon the length of time muonium remains free before reacting chemically~ This effect is due to the hyperfine interaction in muonium which couples the muon and electron spins; in concert with an external magnetic field perpendicular to the initial muon polarization, the hyperfine coupling causes rapid motion of the muon spin. When the Mu atom reacts chemically to place the muon in a diamagnetic environment, this motion stops and is replaced by the comparatively slow Larmor precession of the muon in the applied field. Much later, the muon decays.
Since each Mu atom reacts at a different time, each muon" emerges" from the muonium environment with a different spin direction, so that the "residual" polarization P of the muon ensemble is reduced and res rotated with respect to its initial magnitude and direction. The reaction times are distributed exponentially, so that the probability of a Mu Several related phenomena must be included before the model is sufficiently general to describe physical reality, and permit a practical study of the chemical properties of muonium by measurements of muon depolarization.
First, as noted by Ivanter and Smilga, 9 "hot chemistry" must be included: incoming muons capture electrons to form muonium while still energetic (typically at kinetic energies -200 eV), 10 and the "hot" Mu atoms thermalize by collisions with molecules of the medium within -11 11 . about 10 sec. Dunng these epithermal collisions the Mu atoms may react chemically in ways forbidden to thermalized muonium. These processes are analogous to those studied in hot tritium chemistry. 12
The fraction "h" of muons entering diamagnetic compounds in this way, virtually at t = 0, experience no depolarization.
With the inclusion of hot chemistry, the model 9 can be used to in-. 1 1 f d 1 . . . 1 . 13 terpret exper1menta resu ts or muon epo ar1zahon 1n so uhons, as long as chemical reactions leave muons only in diamagnetic compounds. In this form, the model is referred to as the "proper muonium mechanism." It is still incomplete, however; a second additional process must also be taken into account:
As noted by Firsov and Byakov 2 as well as by Ivanter and Smilga, 9 muonium is apt to react with many substances to form free radicals (paramagnetic molecules) incorporating muons. In a radical, as in muonium, there is a hyperfine interaction between the muon and the unpaired electron; though always weaker than that in muonium, it causes similar rapid evolution of the muon spin and leads to further depolarization of the muon ensemble. 
+ +
In the decay ~ ..... e v v the positron (which we detect) is emitted e ~ preferentially along the muon spin direction. More precisely, the dependence of the decay probability upon the angle e between the muon spin and the positron direction is given by dW ~ 1 + a cos e, where a is the asymmetry parameter, a function of positron energy.
16 Thus a counter telescope mounted in the plane of precession of the muon polarization is more likely to detect the decay positron at times when the muon spin has precessed until it points toward the telescope.
The arrangement of scintillation counters around the stopping target is shown conceptually in Fig. 1 . The signature of a stopping muon is logically defined as fJ. = B · M. S1 . S2X, where B = B1 + B2
( 1)
The pulses 11 fl" and 11 e" are used as gates in coincidence with timing pulses from counters M and E to form starting and stopping p1-1lses for jJ. . In the present study, the measurement of <1> is of special importance, The fraction of muonium atoms reacting epithermally with CH 3 0H is h z 1/2. The phase variation is striking, and the "plateau" in
I is noticeable. Both of these phenomena are due to the res coherent precession of free muonium atoms in the magnetic field, as (4) explained in detail in Ref. 4 , and constitute proof of the central role of muonium in the depolarization mechanism. If a substantial number of muons were placed in radical molecules, the effect (as will be seen later) would be to decrease the amplitude of the phase dip and to destroy the plateau .. There does in fact seem to be a slight lessening of the plateau effect, and this may be due to a small but finite probability of reaction of muonium with CH 3 0H to form a radical containing the muon, probably in epithermal collisions. This would constitute an exception to the assumption that "hot" reactions lead only to diamagnetic muon environments. The quality of the fit is improved slightly by allowing some radical formation, but the correction is so small that the result is insensitive to the source, type, and fate of the radicals involved.
Thus, since the mechanism is clearly dominated by reaction (4), this case may be practically considered to be an example of the proper muonium mechanism.
In an earlier pape-~1 
•, -1L
The isotropic average effective hyperfine field at the unpaired electron due to the extra proton in cyclohexadienyl is 47.71 G, 18 as cornpared with 1588 G in rnuoniurn; thus the ratio of the hyperfine frequency Tables I and II ; a trial-and-error search for the best empirical value for w /w 0 gave a minimum X 2 for w /wo : : : : : 0.03+ 0°· 0°4 2 . r r -.
Although it was not possible to dis solve enough iodine in benzene to achieve full 11 repolarization, Tables I and II. C
. Mu Chemistry in Aqueous Solutions
In spite of its rather large hot fracti~n (h-1/2), water has proved to be a nearly optimal solvent for rnuoniurn chemistry. ] at a field of 100 G is shown in Fig. 5 along with the best fits to the data. Again, the dashed curve is the best fit with the proper rnuoniurn mechanism, and the solid curve is the best fit with the general mechanism, including radicals.
Clearly radicals are present. In this case we assume that the rnuoniurn reacts with hydrogen peroxide to form a diamagnetic compound containing -12- the muon, presumably according to ( 9) and (competitively) _to form a muonic radical, presumably according to and that the radical Muo· subsequently reacts with H 2 o 2 to leave the muon in a final diamagnetic environment:
(k ) (10) Muo· + H 2 o 2 r~d D' (unidentified).
Other reactions, such as the occasional formation of the radical MuOi , probably take place as well; but as long as reactions (9), (10) , and (11) dominate, the resultant j..L + depolarization is insensitive to trace reactions.
The effective hyperfine field at the unpaired electron due to the pro- However, addition of nitric acid to water causes marked 11 repolarization, 11 with a maxin~al asymmetry reached at about 10 M. Experimental re suits for P ( [ HN0 3 ]) at 100 G are shown in Fig. 6 . We · res -13-assume that HN0 3
dissociates sufficiently that the Mu reacts predominantly with the anion, No;. Again, the proper muonium mechanism (dashed curve) is a poor fit, but an excellent fit (solid curve) can be obtained if we assume the following reactions are significant: First, the usual direct reaction leading to a diamagnetic compound:
Mu + N03 ~ D (unidentified); (12) in addition, the competitive reaction leading to a muonic radical:
followed by the final reaction of the radical to place the muon in a diamagnetic environment:
Here we have not attempted to identify any of the product species but only the types of processes taking place; all the fitted results listed in Table   II, liter/mole sec.
Ferric Salts
The quenching effect of ferric ions on f-1. + depolarization has been re- many reactions of H, · can be expected to be quite significant for muonium. Such "dynamic" isotope effects can cause dramatic differences between k(Mu +X) and k(H +X).
-18- Table III shows a comparison between Mu and H rate constants for the most unambiguous. reactions we have· studied.
A. Rates Near the Diffusion-Controlled Limit
We extract a rate constant k 4 = (1.33±0.i)XtOi1 liter/mole sec for reaction (4) of Mu with 1 2 in CH 3 0H. This is near the DC limit for muonium in methanol. The corresponding H atom rate has been 8 liter/mole sec in the pure solvent. Again, these two rates in different solvents cannot · legitimately be compared in an absolute sense; nevertheless, the fact that they agree consistutes some justification for the assumption that the radical is formed by thermal, rather than 11 hot atom,
11
reactions.
In water, our results are consistent with k(Mu + H 2 0) < 10 7 liter/mole sec. We are not aware of any evidence for fast reactions of H with H 2 0.
1.
C.· Reactions of Muonium in Aqueous Solution
Hydrogen Peroxide
The basic reaction of H with hydrogen peroxide is
. 31 thought to be (17) I. (15), we obtain a rate constant k 15 = (2.1±0.2)X1o 10 liter/mole sec. The H atom rate constant for the direct oxidation-reduction reaction analogous to (15) has been measured 2 9 to be (9 ± 1) X 10 7 liter/mole sec in moderately acidic solutions such as ours. Taken at face value, our rate is 200 times that for hydrogen. However, it is unlikely that the process involved is as simple as reaction (15) . 
D. Reactions of Radicals
The fJ. + depolarization technique also allows measurement of rate constants for reactions of various radicals incorporating muonium. This capability is a direct result of the expansion of the theory to incorporate reactive radicals. In comparing these rate constants with the corresponding rates for analogous radicals in which the muon is replaced by a proton, the difference in masses of Mu and H should affect only the-" dynamics'' of the processes. Even MuO', the lightest muonic radical envisioned, should diffuse through liquids at the same rate as HO', its protonic analog. Comparisons of reaction rates of muonic and protonic versions of these radicals should therefore admit of straightforward interpretation in terms of the dynamics of the activated complex.
The most serious difficulty with this interpretation is the uncertainty as to which radical is actually being produced. In the cases of HN0 3
and Fe(ClO 4 ) 3 solutions, for instance, we do not attempt to identify the radical species. The fitted value for w /w 0 , while imprecise, does r .
provide a hint as to likely candidates, suggesting MuO' in the case of HN0 3 and some species with a weaker hyperfine coupling in the case of Fe(ClO 4 ) 3 . However, this cannot be regarded as conclusive evidence, and the products of reactions (13) and (18) must be regarded as unknown.
It would be possible to determine the hyperfine coupling in the radicals to higher precision by using a longitudinal-field technique, but this has not yet been undertaken.
In some cases it is possible to deduce the identity of the radical, if there is only one species of "reagent" and the products of its reaction with H are well known. In hydrogen peroxide solutions, for instance, there seems little doubt that reactions (9) and (10) \,j .j v ') ;.,) 
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